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Multilayers of functional materials (carbon/electrode/nickel) were hierarchically 
architectured over tobacco mosaic virus (TMV) templates that were genetically 
modified to self-assemble in a vertical manner on current-collectors for battery 
applications. The spaces formed between individual rods effectively accommodated 
the volume expansion and contraction of electrodes during charge/discharge, while 
surface carbon coating engineered over these nanorods further enhance the electronic 
conductivity. The microbattery based on self aligned nanoforests with precise 
arrangement of various auxiliary material layers including a central nanometric metal 
core as direct electronic pathway to current collector, can deliver high energy density 
and stable cycling stability. C/LiFePO4/Ni/TMV nanoforest cathodes for Li-ion 
batteries and C/Sn/Ni/TMV nanoforest anodes for Na-ion batteries were assembled 
using physical sputtering deposition. Both 3D nanoforest electrodes show exceptional 
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Chapter 1: Introduction 
 
1.1 Background 
Due to the increasing demand for fossil fuels and the environmental 
consequences of their use, more and more attention is being devoted to alternative 
energy sources for both energy generation and storage. Secondary battery systems 
have been considered as one of the energy storage strategy for the energy generated 
by renewable such as solar, wind and geothermal energy. Among the different types 
of batteries available in the marketplace, lithium-ion batteries have become the 
predominant battery technology for portable electronics, medical devices and electric 
vehicles.[1] 
Lithium-ion batteries have three to four times the energy of standard lead-acid 
or nickel metal hydride batteries for the same size and weight, and can operate over a 




C and can last for hundreds or 
even thousands of charge/discharge cycles with near 100% energy efficiency and no 
memory effect. The high cell voltage (~3.5V) of lithium-ion batteries allows a single-
cell-pack design for most portable devices.[1]  
 Due to the increase in the use of micro- and nano-electro-mechanical systems 
(MEMS/NEMS), there is greater demand for lithium-ion microbatteries as the power 
source. However, the low energy density and the poor stability of current traditional 
two dimensional thin film microbatteries greatly limits its applications. Thus, the 
main objective of this research is to develop new technologies to enhance the 




1.2 Lithium-ion battery system 
 
Figure 1.1 Schematic structure of a typical lithium-ion battery and its discharge 
process.[2] Copyright 2013 Nexeon LLC. 
 
The three primary functional components of a lithium-ion battery are negative 
electrode, positive electrode and electrolyte. Insertion materials have been used as 
electrodes for many rechargeable lithium-ion battery systems. Electro-insertion can 
be referred to a redox reaction, where charge transfer occurs during the insertion of  
lithium ions into a solid host material. In lithium-ion batteries, lithium ions are 
usually stored in the positive electrode. The electrolyte allows the diffusion of ions, 
but is electronically insulating. The electrons are transferred through an external 
circuit to provide electricity. In order to keep natural, the positive electrode  material 
compensates charge for the removal of lithium ion by oxidizing the transition metal 




intercalate into the material and recombine with the electrons, resulting in the 
reduction of the negative electrode material.[3] 
During discharge in a lithium ion cell, the process is reversed as illustrated in 
Figure 1.1. Lithium ions transfer from the negative electrode material, through the 
liquid electrolyte, back to the positive electrode material while electrons shuttle from 
the negative electrode material to the positive electrode material through the external 
circuit. The lithium ions insert into the lattice of the positive electrode material and 
re-combine with the electrons. The electrode compensates charge via reducing the 
transition metal ion to its original oxidation state. In summary for a LiCoO2/graphite 
cell: 









 → xLiC6 










Since lithium ions are transferred back and forth between the insertion materials 
present in positive and negative electrodes, as lithium ions flow through the 
electrolyte, the electrons flow through the external circuit, powering the portable 
device and electric vehicle. Thus, the electrode materials in the battery system must 
allow for the conductivity of both lithium ions and electrons. The rate capability of 
lithium-ion batteries mainly depends on the dimensional stability of the host material 
during insertion and extraction of lithium ion and on the kinetics of the lithium ion 
and electron transport in the host material. Mechanical stresses occur during lithiation 




to collapse. This lack of structural integrity reduces, and in some cases can be fatal to 
the electronic conductivity of the battery system, thus limiting the cycle life of the 
cell. Nevertheless, electrode materials exist that are stable during lithium insertion 
and removal processes. These low strain materials have volume changes less than 10% 
between the fully lithiated and delithiated states. 
 Graphite has been the predominant anode material for lithium-ion batteries 
since the launch of the first commercial lithium-ion battery. During the past decade, 
much effort has been directed toward identifying alternative anode materials that have 
higher theoretical capacity, higher charge/discharge rate and greater electrode 
stability. Insertion alloys (Si, Sn, Ge), redox metal oxides, and carbon allotropes have 
been considered as anode materials for the next-generation lithium-ion batteries.[1]  
 Unlike the anode, for which high-storage capacity materials are known to 
exist, the comparatively low storage capacity of most known cathode materials has 
been recognized as a major limiting factor in the overall performance of lithium-ion 
batteries. Since the successful introduction of the LiCoO2 cathode in 1991,[4] other 
positive electrodes that have been investigated for commercial applications fall 
mainly into two categories.[5] The first group is layered compounds with a close 
packed oxygen negative ions lattice, in which transition metal positive ions present in 
layers between the negative ions and lithium ions are inserted into the available layers. 
The materials belong to this group gain the advantages of higher working voltage and 
specific energy density than the second group due to their highly oxidizing redox-
active couples and compact lattices. These materials are compositional variations of 




structures derived from LiMn2O4.[6] The second group consists of metal oxides such 
as V2O5 and MnO2, and transition metal phosphates, such as the olivine type LiFePO4. 
Although their operating voltage is slightly lower than the materials in the first group, 
the less cost, enhanced safety and better kinetics of these compounds make them 
competitive cathode candidates.[7]  
  
1.3 Microbatteries 
1.3.1 Background of microbatteries  
 There is a growing interest in the micro- and nano-electro-mechanical systems 
(MEMS/NEMS) which are small, portable and flexible for applications that range 
from entertainment to retail automation to military devices. These products may be 
displays, medical devices, sensors or a variety of other kinds of devices and the 
dimension of the devices might be as small as micrometers or even nanometers. 
Because of the tiny size of the device, traditional casting techniques are not suitable 





Figure 1.2 The cross-section SEM image of LiMn2O4 thin film electrode prepared by 
radio-frequency sputtering deposition.[12] Copyright 2007 Elsevier B. V. 
 
  In order to control the loading mass and the morphology of the electrodes of 
the micro-battery precisely, deposition techniques such as radio-frequency magnetron 
sputtering, plasma laser deposition and physical vapor deposition are widely used in 
the fabrication of traditional 2D thin film microbatteries, as shown in Figure 1.2.[9] 
Thin film micro-batteries are built layer by layer, which is similar to an ordinary 
lithium-ion battery structure, but much thinner. The thickness of the deposited 2D 
thin film may vary from hundreds of nanometers to tens of micrometers. The active 
materials used for the cathodes and anodes of micro-batteries are familiar compounds 
for ordinary lithium-ion batteries as discussed above, but the nanostructures and the 
cycling performance of the thin film electrodes may be quite different from those of 




and homogeneous without added material such as carbon black, binders or 
electrolytes. When deposited at room temperatures, the films of cathodes, such as 
LiCoO2, V2O5, LiMn2O4, LiFePO4 are amorphous or nanocrystalline.[10-13] 
Crystallizing the cathode film generally improves the lithium chemical diffusivity in 
the cathode material, and hence the power delivered by the battery, by 1-2 orders of 
magnitude.  
 For the microbattery anode, some designs use a vapor-deposited metallic 
lithium film as the anode. With a mechanically and chemically stable solid electrolyte 
such as LiPON, the lithium metal anodes give excellent charge-discharge cycling life 
at high charge/discharge current without any lithium dendrites. The chief drawback of 
metallic lithium anodes is the limited fabrication temperature, less than 180
o
C, which 
prevents melting of the lithium metal.[14] In recent years, materials such as Sn and Si, 
which have been considered as the anode for the next-generation lithium-ion batteries, 
have been fabricated into thin film electrode to obtain a higher capacity and energy 
density. 
 
 1.4 Challenges of microbatteries 
 Although significant effort has been made to advance microbatteries, before 
reaching commercialization, many challenges remain. The major challenges of 
traditional 2D thin film microbatteries involve the cracks during heat-treatment in the 
fabrication process, the intrinsic insulating property of cathode material, and the 




1.4.1 Cracking during heat-treatment  
 In order to optimize the power of the microbattery positive electrode, heat-
treatment is required to provide transition energy for the crystallization of the as-
deposited amorphous material. This post-annealing usually leads to the detachment of 
the films from the substrate and cracks on the surface of the film because of a 
difference in the thermal expansion coefficients. 
1.4.2 Low conductivity of cathode materials 
 Cathode materials like LiFePO4, have radically changed the focus of the 
lithium-ion battery community since its discovery in 1997.[15] This was the first 
positive electrode material that was environmentally friendly and made from plentiful 
elements, so as to reduce the potential cost of production of this compound, which has 
a theoretical capacity of 170 mAh/g. However, LiFePO4 suffers from its limited high 
rate capability because of its intrinsically low electrical conductivity (10
-9
 S/cm).[15] 
In order to keep high energy density per footprint, a thicker film is needed for 
traditional 2D thin film microbattery electrodes, which will lead to a longer lithium 
ion diffusion distance and worsen the kinetics of the electrode.  
1.4.3 Volume change of cathode and anode materials 
Although the volume change of most cathode material is relatively small (~10%), due 
to the dense structure of deposited thin film microbattery electrodes, peel-off of the 
active material layer and film surface cracks still result in severe capacity fading 




capacity and energy density, several single-phase and composite films based on 
reversible reactions of lithium have been proposed. 
 Tin possesses a high theoretical specific lithium capacity (994 mAh/g) and 
sodium capacity (847 mAh/g), and has been the focus of many investigations for both 
lithium-ion and sodium-ion batteries. Similar to silicon, to accommodate up to 4.25 
lithium atoms and 3.75 sodium atom per tin atom, the tin structure undergoes a 
tremendous lattice expansion upon lithiation and sodiation: more than 360% and 520% 
volume expansion respectively.[16] This results in cracking and disintegration of the 
electrode, which lead to active material loss via reduced electronic contacted with the 
electrode and severe capacity loss. Moreover, tin particles tend to agglomerate once 
contact with each other, which leads to poor electrochemical performance of the 
anode. 
 
1.5 Current techniques to enhance the microbattery electrodes 
1.5.1 Annealing strategies and substrate modification 
 To reduce the cracking and film detachment during the heat-treatment process, 
different annealing strategies and modifications of substrate are applied. Dudney et al. 
suggested a lower annealing temperature and a longer annealing time,[9] Chiu's group 
applied heat-treatment in the deposition process.[17,18] Ti , Ag, Au and Pt layers 
were also deposited on the stainless steel as a buffer layer between the active material 





1.5.2 Co-deposition with conductive material 
 In order to achieve higher power, the conductivity of the positive electrode 
must be improved. Several conductive materials have been co-deposited with cathode 
materials. Eftekhari developed LiFePO4- and LiMn2O4-Au film electrode by radio-
frquency sputtering deposition.[22,23] Chung et al. synthesized LiFePO4-Ag and 
LiFePO4-C composite thin films by plasma laser co-deposition; the conductivity of 





respectively.[24,25] The increased conductivity implies that significant improvements 
to the electrode kinetics can only be made by the co-deposition method with the 
participation of expensive metals with high conductivities. 
1.5.3 Nanoarchitectured 3D microbattery electrodes  
 The nanoarchitectured 3D technique can be considered as the most promising 
innovation of the microbattery electrode in recent decades. The 3D structure not 
only provides large surface area for a higher loading mass, but also creates 
intermediate space to accommodate the structural strains attributed to the electrode 
reactions during lithiation and de-lithiation. More importantly, it allows electrodes 
to lessen the diffusion length, thus providing greater power compared to 2D thin 





Figure 1.3 The cross-section SEM image of silicon electrode prepared by "Down 
Down" photolithography method.[26] Copyright 2011 American Chemical Society. 
 
 The fabrication method of 3D microbattery electrodes can be classified into 
"Bottom Up" and "Top Down". The "Top Down" method is derived from 
nanopatterning techniques including photolithography, nanoimprinting, electron 
beam lithography, and dip-pen writing. The process starts with the design of a 
nanopattern in the form of a mask, which is subsequently used for template etching 
or deposition to create 2D nanopatterns on a substrate. This has also been 
accomplished using laser interference lithography, which is a powerful method for 
fabricating periodic structures over large areas at the nanoscale level. Kim et al. 
produced carved silicon electrodes using the lithography technique under 




1.3) 2000 mAh/g specific capacity over 30 charge/discharge cycles was 
reported.[26] 
 
Figure 1.4 The SEM image of LiCoO2 nanorods prepared by "Bottom Up" 
template method.[29] Copyright 2010 John Wiley & Sons, Inc 
 The fabrication of "Bottom Up" devices can be realized by template synthesis 
and standard depositions of electrodes onto nanostructured current collectors. The 
template synthesis is considered to be an effective approach for fabricating 
nanowires of a variety of materials. In particular, porous anodic alumina template 
has been widely used for fabricating nanowire arrays of metals, metal alloys, 
oxides, and semiconductors. Compared to conventional 2D thin film microbatteries, 
superior battery performance with improved areal capacity and rate capability has 




LiCoO2/Al fabricated using templates.[27-30] However, the high cost of the 
template and the low loading mass limit the applications of this synthesis method: 
the price of one piece of alumina template with an 8 inche diameter exceeds 200 
dollars, and the loading mass of the active material is on the scale of μg/cm
2
. 
What's more, the high aspect ratio of the nanowire is not suitable for materials with 
low conductivity, because of the enlarged lithium ion transport distance by the 3D 
structure in the vertical direction. 
 Our group has successfully developed a 3D nanostructured current collector 
with more than tenfold surface area increase compared to 2D foil current collector. 
The vertical alignment of the nickel-coated virus rod on stainless steel discs is 
based on the genetically modified Tobacco mosaic virus and chemical deposition 
of nickel. Silicon has been deposited on the 3D current collector by chemical vapor 
deposition and aqueous electrodeposition. Core-shell nanowire structures have 
been established with enhanced kinetics of electrochemical reactions as well as 
higher reversible capacity.[31] This research, combined with the simplicity of the 
virus self-assembly and patterning process, represents a new strategy for the 
development of inexpensive and versatile synthesis techniques for energy-storage 
applications. 
 
1.6 Objective of this research 
 The objective of the current research is to make a significant contribution to 
the advancement of both lithium-ion and sodium-ion microbattery technology. As 




attention, both because of the low cost associated with its high natural occurrences in 
both earth and ocean, and decent energy densities blessed by its similar chemical 
natures to lithium. Given this similarity, many mature electrode materials for lithium-
ion chemistry have been investigated as drop-in replacement for sodium-ion; however, 
most of the efforts were rendered ineffective, as evidenced by the low capacities 
utilization, inferior rate capability, poor cycling stability or even complete 
electrochemical inactivity, for which the larger size of sodium-ion relative to lithium-
ion is generally believed to be responsible. We believe the virus enabled 3D current 
collector can also play an important role in the improvement of sodium-ion chemistry 
Specifically, the two main goals of the study are: (1) Apply TMV1cys 
structured 3D current collectors for radio-frequency deposited LiFePO4 to fabricate a 
core-shell structure nanoforest cathode; characterizing and studying the effect of the 
3D current collector on the rate capability, stability and impedance of the nanoforest 
cathode. (2) Employing physical vapor deposition and radio-frequency sputtering 
techniques to fabricate C/Sn/Ni/TMV1cys nanoforest anode for sodium-ion batteries; 
characterizing the anode and discussing how the virus enabled 3D structure and 
carbon coating improved the stability of the anode. 
The subsequent four chapters discuss the efforts to achieve the stated goals. 
Chapter 2 describes the experimental procedure for fabricating the TMV1cys 
structured 3D current collector. Chapter 3 focuses on the fabrication of a virus 
enabled LiFePO4 3D electrode and its characterization as well as the analysis of the 
electrochemical performance. Chapter 4 investigates the morphology and 




electrode for sodium-ion batteries. Chapter 5 includes the conclusion of this thesis 
paper and the discussion of future work. 
Chapter 2. Virus Enabled 3D Current Collector 
2.1 Introduction 
The cross-section between biology and nanotechnology creates a growing 
interest in developing the self-assembly and inorganic binding capabilities derived 
from biological materials for use in device and energy storage development. 
Specifically, the genetic tractability of Tobacco mosaic viruses (TMV) has been 
utilized to create novel bio-inorganic interfaces.[32] Cylindrical viruses rods have 
been structured into conductive nano-wires, sensors, memory devices and battery 
electrode materials by taking the advantages of thess novel interfaces[33]. Our group 
has developed TMV as a promising bio-inorganic template which can be easily 
patterned on the surface of metal substrates to form nano-scaled 3D structures. [31] 
TMV is a cylindrical high aspect ratio particle, composed of ~2100 identical 
coat protein subunits assembled onto a positive strand of genomic RNA to produce a 
nanorod with 300 nm in length, 18 nm in diameter and containing a 4 nm inner 
channel. Our previous studies have shown that the genetic addition of a cysteine (cys) 
residue at N-terminus of each coat protein subunit allows for the self-assembly of this 
engineered virus, TMV1cys, onto metal surfaces through the near covalent-like 
interaction between the thiol group of the introduced cysteine and the metal atoms. 
Since this interaction is only possible with the cysteine residues exposed at the end of 




producing a nanoforest of assembled virus templates.[31] Virus assembled nano-
features produced a 13 to 80 fold increase in reactive surface area depending upon 
virus concentration. Incorporation of these surfaces into simple nickel-zinc micro-
batteries also improved performance compared to planar electrode geometries.[31, 33]  
 
Figure 2.1 The two main steps in the preparation of the virus enabled 3D current 
collector:  TMV1cys self-assembling and nickel chemical deposition. 
2.2 Experimental 
 The synthesis process of 3D TMV1cys templates includes the TMV1cys self-
assembly and chemical nickel coating.(Figure 2.1) Beginning with the TMV1cys self-
assembly, the polished stainless steel discs were immersed into 0.1g/L TMV1cys 
solution with 0.1M sodium phosphate buffer with a 7 pH value for at least 48 hours, 
the virus will attach on the entire stainless steel surface near vertically. The 
positioning of the 1cys thiol group contributes to the attachment and vertical 
positioning of the viral rods onto metal surfaces. Although surface exposed, the 1cys 
residue is recessed within a groove and partially covered by the C-terminal arm of the 




thiol and a surface except at the 3' end of the virus rod where the thiol group is 
sufficiently exposed to make direct surface contact, which leads to 3D electrode 
arrays in nearly vertical manner. Then the discs were moved to palladium catalytic 
solution (Na2PdCl4). In this step, the surface-assembled TMV1cys were activated 




on the exposed 
cysteine residues using a hypophosphite reducing agent.[32] Following this process, 
nickel is deposited on the Pd
0 
activated virus surface in an electroless plating solution. 
Activated TMV1cys templates are put into a 0.1M NiCl
2 
plating solution for 5 






(Dimethylamine borane, DMAB) as 
a reducing agent. After nickel deposition, the samples were dried overnight in a 
vacuum oven at 120
o
C to evaporate any water left on the surface and avoid oxidation. 
Most TMV1cys attach on the stainless steel surface vertically or near-vertically due to 
the surface roughness. Few TMV1cys lay down on stainless steel because there is 
clearly some flexibility in this attachment and in the virus rods themselves when the 
virus rods are attached to the rough surface from one end. Due to the self-alignment 
of two or three TMV1cys particles in the assembly process, the length of surface 
attached TMV1cys rods vary from 300 nm for a single TMV1cys to 900 nm for three 
aligned TMV1cys. Based on the metal coating thickness from previous work (20-40 
nm), the average length of nickel coated TMV1cys rod is ~600±300 nm.[33] Coated 





Chapter 3: Architecturing Hierarchical Function Layers on Self-
Assembled Viral Templates as 3D Nano-Array Electrodes for 
Integrated Li-ion Microbatteries 
 
3.1 Introduction 
 Since the birth of Li-ion battery two decades ago, its energy/power density 
and cycling stability have been significantly advanced, thanks to both innovations in 
materials and optimization of cell engineering. This young battery chemistry in either 
prismatic or cylindrical configurations --- both of 2D character --- has dominated the 
multi-billion dollar market of portable electronics as the rechargeable power source of 
choice, and is posing to prevail in more lucrative and strategically significant markets 
of automotive and stationary grid-storage applications. However, to a much lesser 
degree have these advances benefitted the on-board power needs of micro-electronics, 
another fast-growing market of billion dollar scale, where amount of energy stored on 
given footprint (J/mm
2
) precedes that in either unit weight (Wh/Kg) or volume 
(Wh/L), and, more importantly, where the capability of battery active components 
being integrated as part of the integrated circuit (IC) during micro-fabrication process 
would prove a more superior advantage in manufacturability. Hence, in those micro-
/nano-electromechanical systems (MEMS/NEMS) or bio-medical devices, the desired 
on-board power delivery in exceptionally small geometric scales often meets the 
distinct challenge of accommodating the clumsy battery configurations of 2D nature 




dimension. Furthermore, most conventional Li-ion battery key components 
(electrolytes, separators) cannot survive the integration process during the micro-
fabrication process, characterized by the solder-reflow operation (260 
o
C). Even the 
solid thin film Li-ion batteries, although more amenable toward micro-fabrication 
process than liquid electrolyte Li-ion technology, are constrained by the Li melting 
point (180.6 
o
C), not to mention that their typical low power densities, mainly 
imposed by LiPON electrolyte and its limited reaction interface with electrodes, often 
fall short of the pulse demands of MEMS/NEMS devices. To address this 
shortcoming of thin film battery technology, Si-Li alloys has been recently explored 
as an alternative anode for micro-batteries,[34] while various top-down processes 
familiar to IC industry have been employed to design, assemble and pack nano-
structured electrode arrays.[35]
 
Approaching the challenge from a new avenue, the present work attempts to 
leverage a cathode technology, LiFePO4, which has been matured by Li-ion industry 
as safe, low cost and high power density chemistry in conventional battery designs, as 
a potential active cathode for 3D nanoelectrode arrays. Bottom-up instead of top-
down approaches was adopted, so that not only on-site manufacturability complying 
to IC micro-fabrication is allowed, but also the usual challenge of high 
ionic/electronic resistance in nanometric scales could be readily resolved by precisely 
arranging multilayer of active and auxiliary materials over vertically-assembled bio-
templates, i.e., genetically-modified clones of tobacco mosaic virus (TMV). The 




energy at excellent rate and efficiency as result of the synergistic collaboration of 
these various layers of materials. 
 Previously we have successfully used a similar but much simpler approach to 
fabricate a self-aligned 3D Si nano-anode arrays.[31] The coupling of these anode 
and cathode chemistries enabled by the current bottom-up nano-hierarchical 
technique would eventually pave the way to fabricate an all-solid-state 3D 
LiFePO4/LiPON/Si nanoforests micro-battery.  
 The primary challenge encountered by a 2D-nature electrode in MEMS 
configuration is the limited footprint (usually in m
2
). To maximize the active sites 
for energy storage per geometric area, one will be forced to seek space in the third 
dimension, leading to investigations of 3D design for microelectrode arrays.[35] A 
logic development of this approach leads to the architecture of rod-like structures that 
would stand vertically on the substrates while loading active components with its 
much heightened surface area. Recent advances in nanomaterial engineering have 
enabled diversified routes to such nanorod preparations, and an increasingly number 
of mature cathode chemistries from conventional Li ion industry has been applied. 
However, an intrinsic challenge stemming from the high aspect ratio of rod-like 
structures would be the new kinetic control for the intrinsically poor electronic 
conductor LiFePO4, which affects the rate of power delivery. Although the increased 
electrolyte/electrode contacts in these 3D electrode designs significantly facilitates 
“ionic transfer” by reducing tortuosity in migration pathway, the electron transfer 
between the current collector and LiFePO4 active species, on the other hand, has to 




which is hampered by the usually very high aspect ratio of these rods, and further 
slowed down by the phase transformation between FePO4 and LiFePO4 along the rods 
during the reversible lithiation and de-lithiation. A recent work, where 3D LiFePO4 
nanorods are directly self-aligned on current collectors by using a template, typically 
exemplified this new challenge.[36]
 
The elongated electronic migration distance and 
the small contact area between the active species and the main current collector 
significantly reduce the reaction kinetics of the cell chemistry, which was worsened 
by the low intrinsic electronic conductivity of LiFePO4. In addition, mechanical 
stresses induced by lithiation at the interfaces between the nanorods and the current 
collector could also lead to fracturing upon long term cycling, adding further barrier 
to reaction kinetics in these electrodes. 
 An effective solution to the above issues, which is intrinsic to all rod-like 
architectures, would be the insertion of an electronically conductive metal-core within 
the rods, which serves as an intimate electronic pathway between the active species 
on the stem of the nanorods and the main current collector at the terminal. Such a 
metal-core would function as a built-in “nano-current collector” that effectively 
facilitates “electronic transfer”, thus accelerating the electrochemistry reaction rate. 
Since the metal-core is directly rooted onto the main current collector, it can also 
effectively relieve the stresses of lithiation/de-lithiation and maintain the integrity of 
the nanorod, both mechanically and electronically, at high reaction rates and over 
extend use. Previously, such a metal-core has been fabricated using sacrificed nano-
structured templates through a wet impregnation process, followed by etching or 
template decomposition.[37,38]
 




associated high processing cost would limit its scalability, especially if it is 
considered as part of the fabrication as MEMS/NEMS power. Hereby we propose a 
“bottom-up” approach using biological templates to achieve the LiFePO4-nanorods 
with central metal cores. The genetically-modified tobacco mosaic virus (TMV) 
proves to be a convenient and reliable template that is not only stable but also 
amenable toward magnetron deposition processes, hence allowing architecturing of 
sophisticated multilayer energy storage mechanisms. 
 
Figure 3.1 Schematic description of TMV-templated near-vertical assembly of 
LiFePO4 nanoforest on current collector with multi-layered nano-hierarchical 
arrangement of active materials and electron conducting pathway. 
 TMV is a cylindrical high aspect ratio particle, composed of ~2100 identical 
coat protein subunits assembled onto a positive strand of genomic RNA to produce a 




channel. Our previous studies have shown that the genetic addition of a cysteine (cys) 
residue at N-terminus of each coat protein subunit allows for the self-assembly of this 
engineered virus, TMV1cys, onto metal surfaces through the near covalent-like 
interaction between the thiol group of the introduced cysteine and the metal atoms. 
Since this interaction is only possible with the cysteine residues exposed at the end of 
the cylindrical rod, a nearly vertical assembly of these virus particles ensues, 
producing a nanoforest of assembled virus templates,[32,33] as shown schematically 
in Figure 3.1. More importantly, the presence of cysteine residues enables metal 
coatings at the virus surface via electroless plating, producing a conductive metal 
nanoshell around the TMV1cys core. It is important to emphasize that, differing from 
the pioneering bio-template techniques employing engineered M13 bacteriophage 
templates to bio-mineralize amorphous a-FePO4 nanowire powders, while the a-
FePO4 nanowire cathodes still have to be fabricated through ink-casting of mixture of 
binder, carbon black and a-FePO4 nanowires,[39,40] the present approach results in a 
direct assembly and fabrication of 3D nanoforest electrode arrays, which already 
possess the necessary composite ingredients including a built-in 3D nano-current 
collectors and carbon conductive sub-layer but in absence of polymer binder. This 
unique “bottom-up” can be easily scaled up at low cost or integrated with IC 
processes. 
 
3.2 3D C/LiFePO4/Ti/Ni/TMV1cys nanoforest cathode preparation 
As the templates of microelectrode arrays, TMV1cys clones were self-




3.1a) as described previously, which is sequentially followed by chemical deposition 
of nickel (Ni) in an electroless plating bath to form a 3D current collector (Figure 
3.1b), radio-frequency (RF) magnetron sputtering depositions[17,41] of Titanium (Ti)     
(Figure 3.1c) and LiFePO4 sub-layers, respectively, to form the multi-layered 
LiFePO4/Ti/Ni/TMV1cys nanoforest (Figure 3.1d). Eventually, a ~1.65 mg loading 
mass (1.06 mg/cm
2
) of LiFePO4 is obtained, and then the annealing at 500
o
C for 1 or 
2 hours to crystallize the active species. The Ti sub-layer between Ni and LiFePO4 is 
designed for the following purposes: (1) to prevent the electrochemical oxidation of 
Ni during charging, because the anodic oxidation of Ni occurs near the operating 
voltage of LiFePO4 (3.5 V vs. Li); (2) to alleviate Ni diffusion into LiFePO4 during 
the high temperature annealing process;[41] and (3) to enhance adhesion between 
LiFePO4 and the “nano-current collectors” as a means to minimize potential capacity 
loss induced by the mechanical stresses that occurs during electrochemical 
lithiation/de-lithiation. 
The LiFePO4 and Ti layers were deposited sequentially on stainless steel (SS) 
discs (15.5 mm in diameter) containing preassembled Ni coated TMV1cys templates 
by ultrahigh vacuum magnetron sputtering under continuous vacuum. The SS discs 
were polished carefully and cleaned by sonication in alcohol and acetone before 
loading into the vacuum chamber. The patterned 3D TMV1cys templates and Ni 
coating were done as previously described. The synthesis process of 3D TMV1cys 
templates was described in Chapter 2. A LiFePO4 (99.95%, purity) and Ti (99.995%, 
purity) were used as targets (76.2mm in diameter). The target area was pre-sputtered 




min prior to film deposition. Briefly, the sputtering was conducted in an Ar 
atmosphere (0.3 Pa for Ti and 1 Pa for LiFePO4) using a power density of 6.0 W/cm
2
 
for the Ti layer (direct current power) and 1.5 W/cm
2
 for LiFePO4 (RF). The target-
to-substrate separation was 8 cm. The substrate temperature during film growth was 
~250 ºC (due to plasma heating). In comparison, LiFePO4/Ti/SS film stacks were also 
prepared under the same conditions and the multilayer thickness confirmed by TEM. 
After deposition, the samples were annealed in a vacuum furnace at 500
o
C for 1 and 2 
hours. In order to improve the sample performance carbon sputtering was applied to 
the 2 hour annealed LiFePO4/Ti/Ni/TMV1cys sample with a 4.5W/cm
2
 power density 
at a 1 Pa Ar atmosphere for 20 min. 
3.3 Characterization of the 3D LiFePO4 nanoforest cathode 
The LiFePO4 loading mass of each sample was measured by high-precision 
microbalance (Mettler Toledo, XS105 dualRange) within an accuracy of 1 µg. X-ray 
diffraction (XRD) measurements were performed to ascertain the crystallographic 
structure of the film stacks using a BRUKER AXS diffractometer with Cu-Kα 
radiation source operated at 40 kV and 50 mA. Raman scattering spectrum were 
collected by Horiba JobinYvonLabRAM Raman microscopes (models ARAMIS) 
with 633nm excitation line. The surface morphology of the samples was characterized 
by scanning electron microscopy (HITACHI SU-70 and S-4800). A high-
resolutiontransmission electron microscopy (HRTEM, JOEL JEM 2100F) with an 
energy-dispersive spectrometer (EDS) was employed to analyze the microstructures 




3.3.1  SEM 
This multi-layered composite nanoforest assembly is subsequently coated with 
an additional sub-layer of carbon (C) 8 nm in thickness (Figure 3.1e). To 
electronically wire the outside C coating layer with inner Ni current collector, three 
small masks in the area of 0.04 cm
2
 was placed on 3D Ti/Ni/TMV1cys template 
before the LiFePO4 deposition. These masks were then removed during the carbon 
deposition, creating direct pathways between the potential electrochemical reaction 





Figure 3.2 The SEM images of the (a) Ti/Ni/TMV1cys on stainless steel, (b) as-
deposited LiFePO4/Ti/Ni/TMV1cys, (c) annealed LiFePO4/Ti/Ni nanowire at 500
o
C 
for 2 hours, (d) annealed LiFePO4/Ti/Ni nanowire after 450 charge/discharge cycles 
at 1C rate, (e) carbon coated annealed LiFePO4/Ti/Ni nanowire, (f) carbon coated 




 The above fabrication sequences are individually monitored with scanning 
electron microscopy (SEM) images. As shown in Figure 3.2a for the Ni coated TMV 
templates, the highly dense forest of Ni/TMV1cys nanorods are arranged on the SS 
surface in nearly-vertical manner, while some TMV1cys self-guide themselves into 
making longer nanocolumns. The subsequent depositions of Ti and LiFePO4 on these 
templates forms uniform layers around the rod shaped particles. The final 
LiFePO4/Ti/Ni/TMV1cys multilayer nanorods have an average of ~500 nm in 
diameter and >2.5µm in length (Figure 3.2b). The thickness of LiFePO4 coating 
(~200 nm) is 7 times thicker than LiCoO2 layer on Al nanorodes,[29] 12 times of 









Figure 3.3 The XRD patterns of (a) as-deposited LiFePO4nanwire forest, (b) 
annealed at 500
o
C for 1 hour in vacuum, (c) annealed at 500
o
C for 2 hours in vacuum. 
All the peaks in Figure 3.3 are indexed based on the XRD data base file (JCPDS-
832092). 
 
The as-deposited LiFePO4 nanorods give no apparent diffraction peaks in its 
X-ray diffraction (XRD) pattern (Figure 3.3) indicating its amorphous nature. After 
heat-treatment at 500
o
C for 2 h under vacuum, the smooth surface of the nanorods 
(Figure 3.2b) becomes visibly rougher, induced by the phase changes from 
amorphous to crystalline olivine structure (space group pnma) that occurs during the 
annealing treatment (Figure 3.2c), as evidenced by the XRD patterns in Figure 3.3. 
Although the protein-based core of TMV1cys might have been decomposed into 




shell maintains structural integrity. The virus functions only as a scaffold for the 





 of nickel on the surface of similar virus-assembled electrodes. Weight 
contributions from the virus were found to be negligible. In addition the thickness of 
the nickel coatings are nearly twice as that of the virus core. Thus, the virus makes up 
only a small fraction of the assembled nickel surface. Based on this, we anticipate that 
carbonization of the virus within the nickel shell would have little if any impact on 
the nickel structure or its overall make up. In Figure 3.2e, the carbon coated LiFePO4 
nanorods are shown to have morphology similar to that of the carbon-free LiFePO4  





3.3.3 TEM and EDS mapping profile 
 
Figure 3.4 (a) TEM image of LiFePO4/Ti/Ni nanowireafter annealing at 500
o
C for 2 
hours, (b) the high-resolution TEM image of the LiFePO4 crystal. The EDS mapping 
profiles in the red mapping rectangle marked in (a) for Ni (c), Ti (d), P (e), and Fe (f). 
Li-ion diffusion channel (b axis direction) is marked in (b). (g) TEM image of 
LiFePO4/Ti/Ni nanowire after 450 cycles at 1C rate. TEM image of C/LiFePO4/Ti/Ni 
nanowire (h) before charge/discharge cycle, (i) enlarge figure of (h), (j) after 450 
charge/discharge cycles at 1C rate. 
 
 The structure and thickness of each layer in a single LiFePO4/Ti/Ni nanorod 
after annealing are demonstrated in the transmission electron microscopy (TEM) 





which the hierarchy of Ti/Ni metal nanorods of ~80 nm in diameter and the LiFePO4 
shell of 200 nm in thickness are clearly visible (Figure 3.4a). 
 Both SEM (Figure 3.2) and TEM (Figure 3.4) images cooperatively indicate 
that within each LiFePO4 nanorod there is a Ti/Ni core that directly connects to the SS 
main current collector. Thus, the virus-assembled nanoforests carry nearly-uniform 
LiFePO4 coatings (Figure 3.4a), whose novel multilayered architecture would allow 
the active shell LiFePO4 to maintain an intimate electrical connection along the entire 
length of the nanorod during the electrochemical lithiation/de-lithiation. This 
intimacy on nanoscale is usually a challenge for such high aspect ratio configurations 
and has been the main reason for most degradation of electrochemical performances 
over long-term cyclings. The lattice spacing of the LiFePO4 nanocrystalis marked in 
Figure 3.3b, which is in accordance with the (200) plane. 
A layer-by-layer structural analysis of the annealed LiFePO4 nanowire was 
further performed by EDS element mapping as shown in Figure 3.4c-f, which 
demonstrated that the 10 nm Ti sub-layer effectively suppressed the diffusion of the 
Ni (50 nm thick) into the LiFePO4 layer (~200 nm), and thus prevents the Ni sub-
layer from oxidation during charging and minimizes its potential contribution to the 
irreversible capacity. On the other hand, similar to aluminum (Al), Ti qualifies as an 
excellent current collector for cathode due to its high stability against oxidation. 
Therefore the slight diffusion of Ti into both LiFePO4 and Ni sub-layers, while 
enhancing the mechanical stability of the cathode nanorods, does not affect 
electrochemical stability. Again, consistent with SEM, the decomposition of the 
TMV1cys inner core during annealing at 500
o




structural disintegration of LiFePO4/Ti/Ni nanorods (Figure 3.4a). As interior of the 
nanoforest electrode arrays, the possible remnants of TMV1cys might consist of 
largely carbonized amorphous mass doped with heteroatoms (O, N, S and P etc), 
which are expected to remain inert during electrochemical reactions. Overall the 
Ti/Ni nanoshell connected to the SS current collector provides a rather facile 
electronic transfer pathway across the entire LiFePO4 nanorod; additionally it might 
also act as a robust backbone that strengthens the mechanical integrity of the 
electrode arrays upon repeated electrochemical cyclings. 
 
3.3.4  Raman spectra 
 






 After a single carbon coating, TEM images show that a C sub-layer of ~8 nm 
is uniformly deposited along the LiFePO4/Ti/Ni composite nanorods. The 
graphitization degree of the carbon layer can be estimated from the characteristic 
wide D and G bands in the Raman spectrum at around 1350 and 1600 cm
-1
 (Figure 
3.5), between which the former (D band) is correlated with structural defects- and 
disorder-induced features in the graphene layers of carbon materials, while the latter 
(G band) is indicative of the high-frequency E2g first-order graphitic crystallites of 
carbon.[43-45] The presence of the strong D band suggests that the carbon 
component on the C/LiFePO4/Ti/Ni nanorods have low crystallinity that is typical of 
disordered graphitic material. No peaks of Fe-O and PO4
3-
 are detected, confirming 
that the carbon sub-layer fully and uniformly covers the surface of the LiFePO4/Ti/Ni 
nanoforest. 
 
3.4 Electrochemical tests result and discussion  
Electrochemical performance of the LiFePO4 cathodes were tested in coin 
cells (R2032) using Li foil as a counter electrode and a 1 M LiPF6 solution in 
ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by vol. %) as electrolyte. The 
charge/discharge testing was carried using an Arbin BT-2000 battery test station over 
the voltage range of 2.7-3.6V versus Li/Li
+
. All electrochemical experiments were 
conducted at room temperature and all capacity values were calculated based on the 
weight of the LiFePO4. Electrochemical impedance spectra (EIS) were collected 








cycle with charging set to 3.6V with a 2 hour rest and a scan range from 10
6
 Hz to 
0.01 Hz. 
3.4.1 Rate capability 
 
Figure 3.6 (a) The potential profiles of C/LiFePO4/Ti/Ni, LiFePO4/Ti/Ni nanowire 
forest cathodes, and LiFePO4/Ti thin film cathode 0.1C charge/discharge current, and 
(b) rate performance of 3D C/LiFePO4/Ti/Ni, 3D LiFePO4/Ti/Ni nanowire forest 








The electrochemical performance of 3D LiFePO4/Ti/Ni nanoforest cathodes 
with and without a carbon sub-layer were tested in coin cells with typical liquid 
electrolytes and compared to the performance of reference, a 2D LiFePO4/Ti/SS 
multi-layer thin film cathode that was deposited under the same conditions but in the 
absence of the TMV1cys template. The LiFePO4/Ti/Ni nanoforest cathodes have the 
same active loadings as the 2D LiFePO4/Ti thin film cathodes, but the thickness 
(~600 nm) of LiFePO4 sub-layer in the latter was three times larger than that (~200 
nm) on its 3D counterpart due to inherent high surface area of the latter. Figure 3.6a 
shows the charge/discharge voltage profiles of two 3D LiFePO4/Ti/Ni nanoforest 
cathodes, with and without a carbon coating, in comparison with the 2D LiFePO4/Ti 
thin film cathode at 0.1C. Both charge and discharge profiles show reversible 
electrochemical reactions at voltage plateaus around 3.4 V, which is the characteristic 
phase transition between FePO4 and LiFePO4. The 2D LiFePO4/Ti thin film cathode 
delivers 78 Ah/cm
2
, only 53% of its theoretical capacity; in contrast, the TMV-
assembled LiFePO4/Ti/Ni nanoforest composite cathodes, containing the same active 
loading but only 1/3 the thickness of the LiFePO4 thin film cathodes, delivered a 
discharge capacity of 162 Ah/cm
2
 (158 mAh/g). Thus the nanoforest architecture 
produced up to 93% of the LiFePO4 theoretical capacity, obviously benefiting from 
the shortened distances for both ionic and electronic migration present within the 
virus template nanorods. Carbon coating on LiFePO4/Ti/Ni nanoforests further 




Among the three cathodes studied, the 3D C/LiFePO4/Ti/Ni nanoforest 
composite also presents the smallest potential hysteresis between the charge and 
discharge voltage plateaus, indicating a facile reaction kinetics within this cathode 
architecture.The flat potential plateau of the carbon coated LiFePO4 nanoforest 
composite cathode is obviously due to strong Li-polaron coupling that causes Li-ions 
and electrons to migrate together in an olivine lattice,[46]
  
thus the enhancement of 
the electronic conductivity by carbon coating also increases the Li-ion mobility while 
reducing diffusion overpotential during phase change.  
 TMV1cys enabled 3D LiFePO4/Ti/Ni nanoforest arrays not only enhance the 
capacity utilization at a low charge/discharge current, but also significantly increase 
its overall rate performance at higher current densities, which is of particular 
importance to pulse performances often required in MEMS/NEMS applications, 
where the capability of electrodes to capture and release energy at fast rates 
determines efficiency and electrode life. To evaluate the effect of this nano-
architecture on fast electrochemical reaction kinetics, the nanoforest cathodes under 
investigation were subjected to a rather abusive high rate testing protocol in which the 
cells were both charged and discharged at the same high rates. As shown in Figure 
3.6b, under this stringent condition, the 2D LiFePO4/Ti thin film cathode can only 
store and deliver a capacity of 11 Ah/cm
2
 at 2C, or 20% of its capacity at 0.1C, 
while the 3D C/LiFePO4/Ti/Ni nanoforests with the same LiFePO4 mass loading can 
deliver as high as 152 Ah/cm
2
 at the same rate, or 84% of its capacity at 0.1C. 
Moreover, the nanoforest cathode with additional carbon coating can deliver 72% of 




nm C-LiFePO4 nanoforest cathode witnessed a significant improvement in rate 
performance over 30 nm LiCoO2/Al nanorodes,[28] or 16 nm TiO2/Ni nanorode 
electrodes.[29] The rate performance of our C-LiFePO4 is slightly inferior to C-
LiFePO4 prepared by Martin’s group using polycarbonate filter because the diameter 
of our C-LiFePO4 is 10 times larger than Martin’s C-LiFePO4,[36] and kinetics of 
LiFePO4 is very sensitive to particle size. With the same LiFePO4 loading per 
footprint (1.06 mg/cm
2
), the 3D C/LiFePO4 forest electrodes provided more 15 times 
higher capacity than thin film electrode at 2C. The 3D C/LiFePO4 forest cathode can 
even be charged and discharged at 30C, which is not capable for current thin film 
LiFePO4 electrodes. 
3.4.2 Electrochemical impedance spectroscopy (EIS) 
To understand the origin of the superior rate performance of the TMV enabled 
LiFePO4 nanoforest cathode, electrochemical impedance spectra (EIS) were carried 
out to analyze and compare the reaction resistances of the 3D nanoforest cathodes, 
both in absence and presence of carbon coatings, as well as the 2D thin film LiFePO4 
cathode. In all cases the working cathodes experienced 50 full cycles at 1C rate 





Figure 3.7 Typical Nyquist plots of three LiFePO4 cathodes (a) after 50 
charge/discharge cycles at 1C rate and (b) after 450 charge/discharge cycles at 1C 




 Figure 3.7a shows the Nyquist plots of three LiFePO4 cathodes at 50
th
 
charge/discharge cycle and Figure 3.7b is the Nyquist plots of three LiFePO4 
cathodes at 450
th
 cycle. For the fully activated LiFePO4 electrodes (Figure 3.7a), the 
impedance spectra are typically composed of two partially overlapped semicircles in 
high and medium frequency regions, and a straight slopping line at low 
frequency.[47-52]
 
The first semicircle at the high frequency region is attributed to the 
contact impedance between the current collector and the LiFePO4 active materials,
 
while the medium-frequency semicircle corresponds to the charge transfer impedance, 
which is largely overlapped by the low-frequency Li-ion diffusion line. The Ni 
nanorod core enhanced the contact between the current collector and the active 
species LiFePO4 shell, reducing a contact impedance for the nanoforest cathode 
compared to that of the 2D LiFePO4/Ti thin film cathode. The decreased LiFePO4 
thickness as well as low tortuosity paths for ionic transport from the liquid electrolyte 
into the LiFePO4/Ti/Ni nanoforest cathodes also reduced the lithium-ion diffusion 
resistance, resulting in a short diffusion tail in low frequency and a short intersection 
in high frequency in the Nyquist plot, respectively. Further carbon coating on the 
LiFePO4/Ti/Ni nanorods enhances the charge transfer resistance, reducing the size of 
the second semicircle and further shortening the low frequency tail, an indication that 
the C sub-layer also reduces the lithium-ion diffusion resistance in the LiFePO4 in 
addition to its assistance in conducting electrons. The combination of these hierarchy 
elements synergistically leads to the observed superior rate performances of this 




3.4.3 Cycling stability 
 
 
Figure 3.8 The cycling stability and Coulombic efficiency of LiFePO4 cathodes at 1C 
charge/discharge current. 
 
Finally, in addition to the enhanced reaction kinetics, the nanoforest cathodes 
also present much improved cycling stability. Figure 3.8 shows the cycling stability 
and Coulombic efficiency of two 3D nanoforest cathodes, C/LiFePO4/Ti/Ni and 
LiFePO4/Ti/Ni, with the 2D LiFePO4 thin film cathode as comparison. The 3D 
C/LiFePO4/Ti/Ni nanoforest cathode only decays 0.014% per cycle during cycling at 
a rate of 1C for 450 cycles, while the corresponding Coulombic efficiency quickly 




shows a similar cycling stability but with a slightly lower Coulombic efficiency in the 
first 350 cycles and observable capacity fading thereafter. As comparison, the 2D 
LiFePO4/Ti thin film cathode without any of the hierarchical nano-architecture shows 
more than a 10 times faster capacity decay and low Coulombic efficiency. The low 
Coulombic efficiency of LiFePO4 thin film electrode in the first few charge/discharge 
cycles has been reported.[53,54] The irreversible capacity loss in the first few cycles 
was attributed to the oxidation of surface impurities such as LixFeyOz , resulting in 
partial deintegration of iron oxide and ion dissolution into electrolyte.  Since the 
electrochemical oxidation of LixFeyOz is not reversible, it decreases the Coulombic 
efficiency. Carbon coating can suppress the iron dissolution into electrolyte which 
enhances the Coulombic efficiency.   
  As discussed previously, the remarkable cyclic stability of the TMV enabled 
LiFePO4 nanowire forest cathode could come from the unique multi-layer nano-
hierarchy of the cathode. Specifically, the highly robust and conductive Ni sub-layer 
strongly binds with active LiFePO4 sub-layer through a Ti sub-layer and directly 
connects to the main substrate to form a 3D nanowire extending deeply into the high 
aspect ratio nanorods. As shown via SEM (Figure 3.2d) and TEM (Figure 3.4g) small 
particles appeared on the surface of the LiFePO4 nanorods but still bonded to the 
nanorods even after 450 charge/discharge cycles. The carbon coating further 
improved the morphology and structural stability of 3D LiFePO4  nanoforest cathode. 
For C/LiFePO4/Ti/Ni nanoforest sample, the surface remains smooth (Figure 3.2f) 




shell (Figure 3.4j). These findings indicate that the carbon coating help in stabilizing 
the surface morphology of the LiFePO4 layer. 
 The structural degradation of the LiFePO4 cathodes during charge/discharge 
cycles would also decrease the kinetics of lithiation/de-lithiation as demonstrated by 




 cycle in Figure 3.5, the 
impedance of all three LiFePO4 cathodes increased with charge/discharge cycles. 
Both contact impedance (the first semicircle) and charge transfer impedance (the 
second semicircle) are enlarged after 450 charging/discharging cycles, suggesting the 
phase transformation generated stress/strains that weakened the bonding between the 
sub-layers of the metal conductor and the active LiFePO4. Phase transformation also 
induces a change in the morphology of the carbon coating, which increases the charge 
transfer resistance. The increase in contact resistance and charge transfer resistance in 
the C/LiFePO4/Ti/Ni nanoforest cathode cause the two semicircles at 50 cycles to 
merge into a larger one. Thus this hierarchical nano-architecture with core-shell 
arrangements allows the electrode to be charged and discharged at high C-rates with 
minimized electrochemical and mechanical stresses, resulting in a significant cycling 
stability improvement over previously reported LiFePO4 nanowire-based cathodes. 
It must be pointed out that, while a fully mature application of the process 
requires both anode and cathode to be architectured in a complementary manner, so 
that their respective 3D configurations could match each other to make a full battery, 
we have in our previous work architectured a high capacity 3D anode materials based 




need further work, but we believe that the current work on 3D LiFePO4 makes one 
step progress toward that destination. 
 
3.5 Summary 
In summary, an IC-friendly process using genetically-modified TMV as 
“bottom-up” templates leads to LiFePO4-based nanoforest cathode arrays with multi-
layered hierarchy that functions synergistically to store and deliver energy in small 
footprint at excellent efficiency and stability. Within the TMV-enabled dense 
nanoforest cathodes, both ionic and electronic migration lengths are significantly 
reduced while the mechanical and electrochemical stresses between the intercalation 
host (LiFePO4) and main current collector are also minimized. The vertical alignment 
of LiFePO4 nanoforest on SS current collector, enabled by the genetic modification of 
TMV, and the facile multiple sputtering deposition process provide a valuable new 
avenue to the 3D electrode array design and architecturing. In particular, the built-in 
metallic nano-current collector, which significantly enhances the connection between 
the active sub-layer and the main current collector, might provide a versatile solution 















Since its commercialization two decades ago, Li-ion batteries have essentially 
dominated the portable electronics applications in small formats while being poised to 
enter more profitable and strategically important markets of automotive and grid 
storage. However, the limited abundance of Li in earth-crust, its uneven geographic 
distribution and difficulties in recycling Li resources have raised concerns about large 
scale application of this chemistry. As alternative to Li-ion chemistry, Na-ion 
batteries have attracted increasing attention, both because of the low cost associated 
with its high natural occurrences in both earth and ocean, and decent energy densities 
blessed by its similar chemical natures to Li. Given this similarity, many mature 
electrode materials for Li-ion chemistry have been investigated as drop-in 
replacement for Na-ion; however, most of the efforts were rendered ineffective, as 
evidenced by the low capacities utilization, inferior rate capability, poor cycling 
stability or even complete electrochemical inactivity, for which the larger size of Na-
ion relative to Li-ion is generally believed to be responsible.[55,56] More specifically, 
although a few cathode candidates borrowed from Li-ion chemistry do intercalate/de-
intercalate Na-ion reversibly,[57-72] the availability of such anode materials is much 














among which Sb/C composite seems to provide the best performance of 575 mAh g
-1 
over 100 cycles.[80]  
Despite the high theoretical capacity of Sn (847 mAh g
-1 
corresponding to 
Na15Sn4), the much larger volume expansion of Sn (520%) than Sb (390%) during 
sodiation essentially prevents the access of this capacity.[82,84] This effect of volume 
change has been familiar for Si or Sn as lithiation hosts, and larger size of Na-ion 
significantly worsened it. In addition to this complication, Sn particles also tends to 
aggregate into large particles and then pulverize to isolate from electrode during the 
electrochemical alloying/de-alloying, which further disrupts the electrode integrity 
and leads to rapid deterioration in cycling stability.[85] Mainly because of these two 
failure mechanisms, the best cycle life reported for nano-Sn was represented by only 
less than 25 charge/discharge cycles for Na-ion storage.[82,84] To circumvent these 
issues, Xiao et al. developed nano-sized binary elemental alloys such as SnSb/C to 
reduce stress/strain and to dilute the opportunities of Sn aggregation, which achieved 
a unprecedented capacity of 435 mAh g
-1
 over 50 cycles.[81] 
In this work, we adopted two separate strategies to address the issues of 
pulverization and aggregation of Sn-based anodes. First, we introduced nano-
hierarchy into Sn electrodes by depositing Sn nanoparticles on Ni coated Tobacco 
mosaic virus (TMV), which was genetically modified to express 100% cystein (Cys) 
on its major coat protein. Virus has been successfully used as bio-inorganic template 
to synthesize electrode materials for rechargeable batteries[39] and TMV1cys has 
been demonstrated as a versatile template for 3D nanoforest electrodes of a number of 




novel virus mutant, TMV1cys, was created by inserting a cysteine codon within the 
N-terminus of the coat protein open reading frame.[33,34] The positioning of the 1cys 
thiol group contributes to the attachment and vertical positioning of the viral rods 
onto metal surfaces. Although surface exposed, the 1cys residue is recessed within a 
groove and partially covered by the C-terminal arm of the coat protein. This position 
likely inhibits direct contact between the cysteine derived thiol and a surface except at 
the 3' end of the virus rod where the thiol group is sufficiently exposed to make direct 
surface contact, which leads to 3D electrode arrays in nearly vertical manner (Figure 
4.1).  
 
Figure 4.1 Schematic illustration of the 3D C/Sn/Ni/TMV1cys anode arrays and the 





After Sn nanoparticles were deposited over Ni-interlayer formed by 
electroless plating, the buffering spaces between each individual nanorods would 
effectively accommodate the volume expansion of Sn while still maintaining high 
capacity loading per footprint. Secondly, a thin-layer of carbon was coated over the 
active Sn sublayer, suppressing possible aggregation during the electrochemical 
reactions by diminishing the diffusion of Sn (Figure 4.1). 
 With this hierarchy consist of multiple functional layers on nanoscale, we 
anticipated that the stress caused by the large volume change of Sn would be 
effectively alleviated,[87,88]
 
and highly conductive pathway for electrons would be 
established by the Ni-sublayer between the Sn and current collector. It was also 
known that Ni nanorods can alloy with Sn, which would enhance the robustness of Sn 
particles through intermetallic bonding potentially.[89-95]
 
Additional coating of 
carbon sublayer over Sn should suppress aggregation and pulverization of Sn, further 
improving electrochemical performance.[96-100] 
4.2 3D C/Sn/Ni/TMV1cys nanoforest anode preparation 
Thus, the Sn nanoforest anode was fabricated on the Ni/TMV1cys assemblies 
that are vertically aligned on stainless steel (SS) current collector. A ~50 nm nickel 
(Ni) was first deposited on TMV1cys nanorods in an electroless plating bath to form a 
longitudinal electron pathway along the inner core of each nanorods. A rough layer 
(20 nm) of Sn and 5 nm layer of carbon were then sequentially placed onto Ni-
sublayer using physical vapor deposition (PVD) and radio-frequency (RF) magnetron 





The Sn layer was deposited on stainless steel (SS) discs (15.5mm in diameter) 
containing preassembled Ni coated  TMV1cys templates by physical vapor deposition 
(PVD) under continuous vacuum. The SS discs were polished carefully and cleaned 
by sonication in alcohol and acetone before loading into the vacuum chamber. The 
patterned 3-D TMV1cys templates and Ni coating were done as previously 
described.[31] A Sn pellet ( 99.999%, Kurt J. Lesker Company) was used as Sn 
source for PVD. In order to get a uniform morphology, the Sn deposition rate was 
kept as low as 0.02 nm s
-1
. The carbon sputtering was conducted in an Ar atmosphere 
(1 Pa) using a DC power density of 4.5 W/cm
2
. The target-to-substrate separation was 
11 cm. In comparison, Sn/SS thin film anode with a 20nm thickness was also 
prepared under the same PVD conditions and the thickness was confirmed by the film 
thickness monitor of the Metra Thermal Evaporator. 
 
4.3 Characterization of 3D C/Sn/Ni/TMV1cys nanoforest anode 
The Sn loading mass of each sample was measured by high-precision 
microbalance (Mettler Toledo, XS105 dualRange) within an accuracy of 1 µg. Raman 
scattering spectrum were collected by Horiba JobinYvonLabRAM Raman 
microscopes (models ARAMIS) with 633nm excitation line. The surface morphology 
of the samples was characterized by scanning electron microscopy (HITACHI SU-70). 
A high-resolution transmission electron microscopy (HRTEM, JOEL JEM 2100F) 
with an energy-dispersive spectrometer (EDS) was employed to analyze the 





4.3.1 SEM, TEM and EDS line scan profile 
 
Figure 4.2 SEM images of (a, b) as-deposited 3D Sn/Ni/TMV1cys and 3D 
C/Sn/Ni/TMV1cys anodes. TEM images of (c) a single C/Sn/Ni/TMV1cys nanorod, 
and its the EDS line scan mapping profile (d), (e) high-resolution TEM image of the 
Sn crystal and the amorphous outer-layer, and (f) enlarged high-resolution TEM 
image of the Sn crystal of the red rectangle area in (e). 
 
Figure 4.2a-b show the SEM images of near-vertical assembly of Ni/TMV, 
Sn/Ni/TMV and C/Sn/Ni/TMV on SS current collector, respectively. As a reference 
for comparison, 2D Sn thin film with 20 nm thickness was also directly deposited on 
SS substrate under the same conditions. The hierarchy, structure and configuration of 
virus-templated C/Sn nanorods were further confirmed by transmission electron 




TEM images of single Sn/Ni/TMV1cys and C/Sn/Ni/TMV1cys nanorod, and the EDS 
line scan mapping profile with the high-resolution images. In Figure 4.2c, a thin layer 
of Sn was clearly visible with thickness of ~20 nm, whose loading is ~ 0.8 mg (0.5 
mg cm
-2
) in mass. The loading mass of Sn was obtained by weighting the mass 
difference before and after Sn physical vapor deposition using high-precision 
microbalance (Mettler Toledo, XS105 dualRange) within an accuracy of 1 µg. The 
EDS line scan mapping demonstrated the layer structure and confirmed the SEM 
images shown in Figure 4.2b. Both SEM and TEM images cooperatively revealed 
that all the nanorods have Ni/TMV1cys core that directly mounted on the SS main 
current collector, providing a longitudinal current collector sublayer. This metallic 
nanotube has been proven effective in resolving issues associated with electron-
transfer kinetics along the high aspect-ratio nanorod-/nanowire-like materials, for 
which nanoscale intimacy between all functional sublayers has been a challenge.  
 It should be note that after carbon coating, the Sn-sublayer structure anchored 
on the Ni nano-shell changed from smooth thin film (Figure 4.2c) to a more 
particulated shape (Figure 4.2d), indicating that Sn thin layer may have aggregated 
into nanoparticles during RF carbon sputtering deposition process. The high 
resolution TEM image (Figure 4.2e and 4.2f) shows a core-shell configuration for 
these C/Sn particles, with crystalline core and amorphous shell layer, a 2.94 
angstroms interplanar space can be assigned to the (200) plane of Sn in Figure 4.2f. 
From the EDS line scan mapping in Figure 4.2d and TEM in Figure 4.2e, the 





4.3.2 Raman spectra 
 
Figure 4.3 Raman spectra of 3D C/Sn/Ni/TMV1cys nanoforest anode. 
 
The graphitization degree of the carbon layer was investigated using Raman 
spectrum (Figure 4.3), showing two bands of D and G at 1371 and 1542 cm
-1
, 
respectively, in accordance with disorder and graphitic crystal features of carbon.[43]
 
The stronger D band suggests that the carbon layer on the C/Sn/Ni/TMV1cys 
nanorods has low crystallinity, typical of disordered carbonaceous material. 
 Summarizing the images and chemical analyses, the composite electrode array 
templated on virus-carry nearly-uniform Sn active sublayers in a multi-layered nano-
hierarchy, wherein primary Sn nanoparticles reside on a secondary nanorods 




between active materials and current collector as functional sublayers. The overall 
electrochemical performance should be improved due to the array’s spatial tolerance 
against accommodate volume change, its mechanical robustness to maintain material 
integrity, its high electron conductivity in longitudinal direction, and its 3D 
architecture to store Na-ion vertically above the main current collector. 
4.4 Electrochemical tests result and discussion 
Electrochemical performance of the Sn anodes were tested in coin cells 
(R2032) using Sodium metal as counter electrode and 1 M NaClO4 solution in 
ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by vol. %) as electrolyte. The 
charge/discharge testing was carried using an Arbin BT-2000 battery test station over 
the voltage range of 0.05-1.5V versus Na/Na
+
. The Cyclic Voltammetry (CV) curves 
were collected using a Solartron 1260/1287 with a scan rate of 0.1 mV s
-1
 and a scan 
range from 0 V to 2 V for 5 cycles.  All electrochemical experiments were conducted 






4.4.1 Cyclic voltammetry 
 
Figure 4.4 Cyclic voltammetry of C/Sn/Ni/TMV1cys nanoforest anode with a scan 
rate of 0.1 mV s
-1 
between 0.0 and 2.0 V. 
 
The sodiation and de-sodiation of C/Sn/Ni/TMV nanoforest anodes was 
characterized using cyclic voltammetry (CV). As shown in Figure 4.4, five peaks, 
located at 0.82, 0.68, 0.40, 0.15 and 0.0V respectively, were observed in the first 
sodiation process. Because the two sodiation peaks at higher voltage disappeared in 
the subsequent cycles, they were possibly attributed to the formation of solid 
electrolyte interphase (SEI) film caused by the decomposition of electrolyte, which 
contributes to the irreversible capacity. The de-sodiation process presents four well-




compounds of Na15Sn4, Na9Sn4, NaSn, NaSn5, respectively, with a two-phase reaction 
mechanism.[83]
 
All these de-sodiation potentials are in good agreement with the 
calculated and experimental results of Sn reported previously.[82-84]
 
Ni (or potential 
NiO) core in C/Sn/Ni/TMV anodes turned out to be inactive for Na.[82] The 
contribution in capacity from carbon coating can be neglected due to the low presence 
of carbon in the composite material (C/Sn= 7 wt%). The unchanged peak current 









4.4.2 Cycling stability 
 
Figure 4.5 (a) Cycling performance of 2D Sn thin film, 3D Sn/Ni/TMV1cys, and 3D 
C/Sn/Ni/TMV1cys anodes, and sodiation/de-sodiation voltage profiles of (b) 2D Sn 
thin film, (c) 3D Sn/Ni/TMV1cys, and (d) 3D C/Sn/Ni/TMV1cys nanoforest anodes, 




 The cycling performance of 3D Sn/Ni/TMV1cys and 3D C/Sn/Ni/TMV1cys 
anodes was investigated by galvanostatic charge and discharge of the electrodes 
between 0.05 and 1.5 V at the current density of 50 mA g
-1 
(Figure 4.5a), with 2D Sn 
thin film (with the same thickness of 20nm as 3D nanoforest Sn anode) as reference 
for comparison. All three Sn anodes provided around 730 mAh g
-1 
at the first de-






corresponding to Na15Sn4, approximately three times larger than that of hard-carbon. 
The capacity of 2D Sn thin film anode suffered a rapid capacity fading, retaining only 
9% of the initial capacity within 5 cycles. In contrast, the Sn/Ni/TMV1cys nanoforest 
anode maintains 30% of initial capacity after 20 cycles, which is a visible 
improvement over that of reference. After 40 cycles, its capacity stabilized at ~100 
mAh g
-1
. The cycling stability was significantly extended by a thin layer (5 nm) 
carbon coating on Sn/Ni/TMV1cys nanoforest: after slight decrease in the initial few 
cycles, the capacity stabilized around 405 mAh g
-1 
after 150 cycles, corresponding to 
retention of 55%, which is much higher than those without carbon coating, 
demonstrating that carbon coating can effectively suppress the Sn aggregation. 
 Aside from capacity, voltage profiles actually reveal more details about the 
electrochemistry of sodiation/de-sodiation in a Sn host. These voltage profiles of 2D 
Sn thin film, 3D Sn/Ni/TMV1cys and 3D C/Sn/Ni/TMV1cys anodes are depicted in 
Figure 4.5b-d, respectively, with cycle numbers labeled on individual curves. The 
step potential plateaus between 0.0 and 0.7V were presented in the first de-sodiation 
for all three kinds of anodes, which is characteristic of de-alloying Na15Sn4. This is 
consistent with the CV curves in Figure 4.4. As shown in Figure 4.5b, the capacity in 
each potential plateau of 2D Sn thin film anodes rapidly decreased with cycling, 
suggesting that Sn film disintegrating and detaching electronically from current 
collector. In contrast, the step potential plateaus of 3D Sn/Ni/TMV1cys anodes 
remained visible even after 10 cycles, but eventually disappeared after 150 cycles 
(Figure 4.5c), indicating that the nano-structure of Sn/Ni/TMV helped but was still 




charge/discharge cycles. However, the thin layer carbon coating made much more 
pronounced difference, maintaining these distinct step-plateaus even after 150 full 
charge/discharge cycles (Figure 4.5d). 
 
4.4.3 After cycling SEM and TEM  
 
Figure 4.6 SEM images of (a) 3D Sn/Ni/TMV1cys anode and (b) 3D 
C/Sn/Ni/TMV1cys anode after 150 charge/discharge cycles at current density of 
50mA g
-1
. (c) TEM image of a single C/Sn/Ni/TMV1cys nanorod after 150 
charge/discharge cycles at current density of 50mA g
-1
, (d) enlarged high-resolution 





 To gain insight into the capacity fading mechanism and any accompanying 
structural change of these anodes during cycling, SEM and TEM images were 
collected from 2D Sn thin film anode after 50 cycles, 3D Sn/Ni/TMV1cys and 3D 
C/Sn/Ni/TMV1cys anodes after 150 cycles (Figure 4.6). Sn nanoparticles in 2D thin 
film apparently coalesced into large particles and pulverized, and most Sn peeled off 
from the current collector, leading to severe capacity fading. In 3D Sn/Ni/TMV1cys 
anodes, although some of Sn still remained on Ni/TMV1cys nanorods after 150 
cycles (Figure 4.6a) thanks to the nano-structure, the cleaner surfaces of Sn/Ni/TMV 
nanorodes suggested that the majority of Sn particles detached from the Ni nanorode 
current collectors. The reason is probably the same as the 2D Sn thin film anode 
where the Sn particles tend to aggregate to from larger particles during sodiation/de-
sodiation processes, a process likely driven by the thermodynamics of intermetallic 
alloy compounds. Once the Sn particles grew to certain size, they pulverized and lost 
contact with current collectors, thus becoming electrochemically inactive.  
 On the other hand, the after-cycling SEM image of C/Sn/Ni/TMV1cys (Figure 
4.6b) clearly shows that the most of the Sn-sublayer still remained on the nano 
current collectors even after 150 cycles,  and the growth of Sn particle size is 
apparently suppressed (Figure 4.6c), most likely due to the protection effects of 
carbon coating. This validates our hypothesis that Sn aggregation during 
electrochemical extended sodiation/de-sodiation cycles could be mitigated by carbon 
coating, based on earlier experience that carbon has been effective in suppressing Sn 
aggregation during lithiation/de-lithiation.[96-100] The C/Sn/Ni/TMV1cys sample 




structure enabled by viral templates, but also because the carbon coating physically 
separates the crystal particles and relieves the aggregation between the Sn particles.  
4.5 Summary 
 In summary, 3D Sn nanoforest anode arrays consisting of individual nanorods, 
whose multiple functional layers include a carbon outer-shell, a Sn intermediate-layer 
and a metal inner-core, were fabricated by PVD, RF magnetron sputtering and 
electroless deposition on patterned TMV1cys templates. The C/Sn/Ni/TMV1cys 
nanorods with 0 nm thickness of Sn demonstrated superior electrochemical 
performances toward Na-ion storage and release. The vertical alignment of nanorods 
as well as the precise hierarchical control of various sublayers of materials in 
designed order were believed to function synergistically to maintain an alloy anode 
host mechanically, electronically and electrochemically stable, despite its >500% 
volume change upon sodiation/de-sodiation cycles. In particular, the carbon coating 
on the Sn particles minimized the Sn particle aggregation, which has been a rather 
severe challenge that this high capacity alloy host is facing. The resultant 
C/Sn/Ni/TMV1cys nanorods can provide 722 mAh g
-1
 capacity toward Na-ion in the 
initial cycles and retain 405 mAh g
-1
 after 150 cycles, demonstrating the longest-
cycling nano-Sn anode material for Na-ion batteries reported in literatures to date. 
The superior cycling performance, combined with the simplicity of the TMV1cys 
self-assembly and patterning process, represents a new strategy for the development 










The first work, C/LiFePO4/Ti/Ni/TMV1cys nanoforest cathode, enables an 
elegant bottom-up solution to engineer 3D micro-battery arrays as integral power 
sources for micro-electronics. Thus, multilayers of functional materials were 
hierarchically architectured over Tobacco mosaic virus (TMV) templates that were 
genetically-modified to self-assemble in a vertical manner on current-collectors, so 
that optimum power and energy densities accompanied with excellent cycle-life could 
be achieved on a minimum footprint. The resultant micro-battery based on self-
aligned LiFePO4 nanoforests of shell-core-shell structure, with precise arrangement of 
various auxiliary material layers including a central nanometric metal core as direct 
electronic pathway to current collector, delivers excellent energy density and stable 
cycling stability only rivaled by the best Li-ion batteries of conventional 
configurations, while providing rate performance per foot-print and on-site 
manufacturability unavailable from the latter. Carbon coated LiFePO4/Ti/Ni 
nanoforests enhanced the capacity of active species 162 Ah/cm
2
, and it only decays 
0.014% per cycle during cycling at a rate of 1C for 450 cycles 
The C/Sn/Ni/TMV1cys nanoforest anode, designed as high capacity alloy host 
for Na-ion chemistry, forest of Sn nanorods with a unique core-shell structure were 
synthesized on viral scaffolds, which were genetically engineered to ensure a nearly 
vertical alignment upon self-assembling onto metal substrate. The interdigital spaces 




expansion and contraction of the alloy upon sodiation/de-sodiation, while additional 
carbon coating engineered over these nanorods further suppressed Sn-aggregation 
during extended electrochemical cycling. Due to the unique nano-hierarchy of 
multiple functional layers, the resultant 3D nanoforest of C/Sn/Ni/TMV1cys, binder-
free composite electrode already and evenly assembled on stainless steel current 
collector, exhibited supreme capacity utilization and cycling stability toward Na-ion 
storage and release. An initial capacity of 722 mAh (g Sn)
-1
 along with 405 mAh (g 
Sn)
-1 
retained after 150 deep cycles demonstrates the longest-cycling nano-Sn anode 
material for Na-ion batteries reported in literatures to date and marks a significant 
performance improvements for neat Sn material as alloy host for Na-ion chemistry. 
Both approaches could open a new avenue for micro-electromechanical 
systems (MEMS) applications, which would significantly benefit from the concept 
that electrochemically active components be directly engineered and fabricated as an 
integral part of the integrated circuit (IC). 
5.2 Future work 
 Although the microbattery electrodes have obtained excellent energy density 
and cycling stability, it is still far away from commercialization. The most simple and 
practical part of future work can be the full battery assembling using 
C/LiFePO4/Ti/Ni/TMV1cys nanoforest cathode and Si/Ni/TMV1cys nanoforest 
anode. 
 The safety of microbatteries also should be concerned in the future work. The 
high reactivity of lithium restricts its use as anode in real batteries, and rechargeable 




the low potential of the lithium deposition, it is possible that large amount dendrites 
will grow on the anode side during cycling. And the sharp dendrites can penetrate the 
polymer membrane separator easily to cause short circuit. At the same time. the 
overcharge or overdischarge of the batteries can also lead to the decomposition of the 
liquid electrolyte. In these extreme situations, both short circuit and electrolyte 
decomposition can cause explosion with flame. Thus, a careful control of the charge 
procedure is needed to avoid major accidents. 
 The all-solid-state microbattery could be the most feasible solution to the 
safety problem. The use of true solid electrolyte with no added liquid solvent and no 
significant vapour pressure would make the battery suitable to special design and 
unusual applications. Deposition techniques exploited in the previous work should be 
suitable to fabricate 3D Si/LiPON/C/LiFePO4/Ti/Ni/TMV1cys or 
NaMn2O4/NaPON/Sn/Ni/TMV1cys all-solid-state microbatteries. Since the virus 
enabled 3D electrodes have been well developed in previous chapters, we have 
enough confidence to expect that the all-solid-state microbattery based on the virus 
enabled 3D current collector can not only avoid catching fires in extreme situations 
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